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a r t i c l e i n f o a b s t r a c tKeywords:
Potentiometry
Ketamine hydrochloride
Coated wire electrode
Ion-selective electrodeA new ketamine coated silver electrode (KCSE) based on ketamine hydrochloride with sodium tetraphen-
ylborate (KT-TPB) as electroactive material has been described. The inﬂuence of membrane composition,
type of solvent mediators, kind of electroactive materials and interfering ions on the sensor was investi-
gated. The sensor displays Nernstian response of 55.8 ± 0.3 mV/decade over the concentration range of
2.5  106 to 1.0  102 M with limit of detection of 8.5  107 M. The coated wire electrode has short
response time 8 s and it can be used in pH range of 2.6–6.4. The selective coefﬁcients were determined
in relation to several inorganic, organic ions, sugars and some common drug excipients. The KCSE elec-
trode was successfully used for the determination of the ketamine content in ampoule and urine samples
with satisfactory results. Statistical student’s t-test and F test showed insigniﬁcant systematic error
between proposed and ofﬁcial methods.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The development of efﬁcient ion-selective electrodes (ISEs) has
always been a big challenge for the scientists as these sensors can
be involved nowadays in many ﬁelds [1–10]. ISEs were found effec-
tive in analysis of pharmaceutical formulations [1,7,9,11–13] for
their attractive properties of simple design, ease of construction,
reasonable selectivity, fast response time, applicability to colored
and turbid solutions and possible interfacing with automated and
computerized systems [1].
In conventional polymeric membrane ion-selective electrodes
(ISEs), the sensing membrane is interposed between two aqueous
phases, the sample and the inner solution. These electrodes, how-
ever, still have certain inherent limitations. They are mechanically
complicated, and thus difﬁcult to fabricate in small size. In addi-
tion, the ﬂux of ions from the membrane, in contact with the inner
electrolyte solution that contains a salt of the primary ion, towardthe sample causes the concentration in the contacting aqueous
layer to be ca. 106 M. Consequently, the lower detection limit
was found to be around 106 M [14–16].
One strategy to overcome this drawback is elimination of the
inner solution by using a solid inner contact. In a solid-contact or
‘‘coated wire’’ ISE, the polymer membrane is directly cast on the
solid surface, with no internal reference solution being interposed.
This type of sensors eliminated the internal ﬁlling solution
provides new advantages, for instance, good mechanical stability,
simplicity, and possibility of miniaturization [17].
Ketamine, (2-chlorphenyl)-2-(methylaminocyclohexanone), is a
colorless, odorless, tasteless, hallucinogenic and anesthetic
commonly used for animals and human. It is used by youth in rec-
reational parties for sedation and misused in drug-facilitated
crimes for its pharmacological properties [18]. Ketamine (KT) is
metabolized to norketamine (NK) which is then dehydrogenated
to dehydronorketamine (DHNK). KT, NK and DHNK are hydroxyl-
ation and conjugated before elimination. A mixture of the drug
and its metabolites are excreted. KT and NK are the target analytes
in toxicological analysis and DHNK is a biomarker of administra-
tion of KT in the literature [18,19].
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inexpensive diagnostic tool for the determination of this analyte.
Several analytical methods for the determination of KT are
known such as electrochemical method [20], micellar electroki-
netic chromatography (MEC) [21], gas chromatography with
ﬂame-ionization detector (GC-FID) [22], nitrogen–phosphorus
detector (GC-NPD) [23], high-performance liquid chromatography
(HPLC) [24], gas chromatography–mass spectrometry (GC–MS)
[25,26], liquid chromatography–mass spectrometry (LC–MS)
[27,28] and solid-phase extraction (SPE) [29–31]. In addition, poly
vinylidene diﬂuoride (PVDF) ﬁlter syringes [32] and solid-phase
microextraction (SPME), liquid-phase micro extraction (LPME)
[22,33] as well as potentiometric methods [34] are in use.
However, most of these methods require sample manipulations
that are liable to various interferences as well as being not applica-
ble to colored and turbid solutions. Furthermore, these methods
are expensive for they require large infrastructure backup and
qualiﬁed personnel. Thus, the development of selective and inex-
pensive diagnostic tool for the determination of this analyte is
badly needed.
Analytical methods based on potentiometric detection with
ion-selective electrodes (ISEs) can be considered good alternatives
for their attractable characteristics mentioned above. Coated wire
ion-selective electrodes have been successfully applied as potenti-
ometric sensors for determination of various drugs [1,7,13].
No potentiometric coated wire ion-selective electrode is found
for the determination of ketamine hydrochloride on careful review
of literature.
In this work, a new ketamine coated silver electrode based on
KT-TPB as electroactive materials was prepared, optimized, and
checked at different concentration ranges for ketamine ions. The
results presented in this paper show that the adopted sensor devel-
oped has a wide concentration range (2.5  106 to 1.0  102 M),
low limit of detection (8.5  107 M), good Nernstian slope
(55.8 ± 0.3 mV/decade). Furthermore, this sensor showed good
selectivity for ketamine in presence of some common excipients.
In addition, this electrode produced reproducible results.2. Experimental
2.1. Reagents
Ketamine (Ketamine hydrochloride) KTCl (Fig. 1); [2-(2-chlo-
rophenyl)-2-(methylamino) cyclohexanone hydrochloride]
[6740-88-1] (Chemical Formula C13H16CINOHCl, CAS: 6740-88-1,
Molecular Weight = 274.19 g/mol), its pharmaceutical preparations
(Ampoules 50 mg/mL), were provided by General Administration
of Pharmacy, (Ministry of Health, Gaza-Palestine). Phosphotungstic
acid (PTA), phosphomolybdic acid and sodium tetraphenylborate
(Na-TPB) were obtained from Sigma. Dibutyl phthalate (DBP),
dioctyl phthalate (DOP), dioctylsebacate (DOS), tris(2-ethylhexyl)
phosphate (TEPh), poly vinyl chloride (PVC) of high relative
molecular weight and tetrahydrofuran (THF) were obtained from
Aldrich chemical company. All reagents used were chemically
pure grade.Fig. 1. The chemical structure of ketamine hydrochloride.2.2. Apparatus
Potentiometric measurements were carried out with a digital
millivoltmeter (SR-MUL-3800). pH measurements were made on
a digital pH meter (Wissenschaftlich-Technische Werkstatten
GmbH (WTW)-Germany) at room temperature (25.0 ± 1.0 C).
The performance of the electrode was investigated by measuring
the emfs of KT solutions in a concentration range of 107 to
101 M by serial dilution. Each solution was stirred and the poten-
tial reading was recorded when it became stable, and plotted as a
logarithmic function of KT cation activities
2.3. Preparation of the electroactive materials
Electroactive materials made from ketamine hydrochloride
(KTCl) and one of the following substances: phosphotungstic acid
(PTA), phosphomolybdic acid (PMA), or sodium tetraphenyl borate
(Na-TPB) according to a previously reported method [9,13]. These
electroactive materials were used as the active substances for pre-
paring the electrodes of ketamine hydrochloride.
2.4. Preparation of silver-coated electrode
A pure silver rod of 1 mm diameter and 12 cm in length was
insulated leaving 2 cm at one end for coating and 1 cm at the other
end for connection. The coating solution was prepared by dissolv-
ing 1.0% KT-TPB, 48.2% PVC, and 50.8% TEPh in 5 ml THF. The pol-
ished surface of the silver rod was coated with active membrane by
dipping the exposed end into the coating solution and allowing the
ﬁlm to dry in air for about 1 min. The process was repeated until a
plastic ﬁlm of approximately 1 mm thickness was formed (about
10 times). The prepared electrode was preconditioned by soaking
for 10 min in 103 M KTCl solution.
2.5. Effect of interfering ions
Potentiometric selectivity factors of the electrode were evalu-
ated by applying the matched potential method (MPM) and the
separate solution method (SSM) [35]. According to the MPM, the
activity of KT (I) was increased from aA = 1.0  105 M (reference
solution) to ãA = 5.0  105 M, and the change in potential (DE)cor-
responding to this increase were measured. Next, a solution of an
interfering ion of concentration aB in the range 1.0  101-
1.0  102 M is added to new 1.0  105 M (reference solution)
until the same potential change (DE) was recorded. The selectivity
factor for each interferent was calculated using the Eq. (1):
KPotKT;JZþ ¼
a
KT
a
j
ð1Þ
In the SSM [35], the potential of a cell comprising a working
electrode and a reference electrode is measured in two separate
solutions, one containing the ketamine ions, E1, and the other con-
taining the interferent ions (J), E2, and S is the slope of the calibra-
tion graph. These values were used to calculate the selectivity
coefﬁcient from the following equation:
logKPotDrug;J2þ ¼
E2  E1
S
þ log½Drug  log ½Jzþ1=z ð2Þ2.6. Determination of KTCl in real sample
2.6.1. Potentiometric titration method
The potentiometric titration of different volumes of 1.0 103 M
and 1.0 102 M KTCl solution: 5–10 ml of 1.0 102 M KTCl solu-
tion were transferred to a 25-ml beaker, and titrated with a standard
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trode. The end points were determined from the S-shaped curve.
2.6.2. Calibration graph method
In the calibration curve method, different amounts of KTCl were
added to 50 mL of water comprising a concentration range from
1.0  107 M to 1.0  102 M and the measured potential was
recorded using the present electrode. Datawere plotted as potential
versus logarithm of the KT+ activity and the resulting curve was
used for subsequent determination of unknown drug
concentration.
2.6.3. Standard addition method
The standard addition method in which small increments (10–
100 ll) of (0.1 M) KTCl solution were added to 50-ml aliquot sam-
ples of various concentrations (1.0  105 M and 5.0  104 M)
KTCl was applied. The potential after each increment was recorded
at 25 ± 0.1 C and used to calculate the concentration of KTCl in the
drug samples.
2.6.4. Analysis of spiked urine samples
The samples (5 mL of urine) were spiked with ketamine hydro-
chloride and left stirred for 5 min., transferred to a 25 mL volumetric
ﬂask and completed to the mark with distilled water to give
1.0  105 M and 2.0 104 M ketamine hydrochloride. These
solutionswere subjected to the standardadditionsmethodor thecal-
ibration curve method for ketamine hydrochloride determination.
3. Results and discussion
When an electroactive membrane separates two solutions hav-
ing different activities of the ions, an electrical potential across the
membrane is developed and its value depends on the activities of
the ions taken in the test solution. The electrode response not only
depends upon the concentration gradient of ketamine ions across
the membrane but also on the properties of the polymer
matrix, amount of the electroactive material and plasticizer andTable 1
Optimization of membrane ingredients and their performance characteristics of KCSE.
No. Kind of Wires Composition (%) S
EM PVC P
Inﬂuence of the amount of electroactive materials
1 Silver – 48.7 51.3 TEPh 33.7
2 Silver 0.1 KT-TPB 48.9 51.0 TEPh 32.5
3 Silver 0.3 KT-TPB 48.7 51.0 TEPh 36.3
4 Silver 0.5 KT-TPB 48.5 51.0 TEPh 41.4
5 Silver 1.0 KT-TPB 48.2 50.8 TEPh 55.8
6 Silver 2.0 KT-TPB 47.8 50.2 TEPh 47.6
7 Silver 3.0 KT-TPB 47.2 49.8 TEPh 48.1
8 Silver 4.0 KT-TPB 46.7 49.3 TEPh 39.9
Effect of electrode bed
9 Silver 1.0 KT-TPB 48.2 50.8 TEPh 55.8
10 Platinum 1.0 KT-TPB 48.2 50.8 TEPh 44.4
11 Copper 1.0 KT-TPB 48.2 50.8 TEPh 40.7
Effect of electroactive materials
12 Silver 1.0 KT-TPB 48.2 50.8 TEPh 55.8
13 Silver 1.0 KT-PM 48.2 50.8 TEPh 54.4
14 Silver 1.0 KT-PT 48.2 50.8 TEPh 57.2
Effect of different plasticizers
15 Silver 1.0 KT-TPB 48.2 50.8 TEPh 55.8
16 Silver 1.0 KT-TPB 48.2 50.8DOP 52.4
17 Silver 1.0 KT-TPB 48.2 50.8DBP 51.4
18 Silver 1.0 KT-TPB 48.2 50.8DOS 52.3
EM: electroactive material, PVC: poly vinyl chloride, p: plasticizer, S: slope (mV/decade
Relative standard deviation, ⁄: selected composition.its fabrication. The electrodes with different amounts of these com-
ponents are evaluated for their characteristic parameters and the
results are provided in Table 1.
3.1. Optimizing the composition of the electrode
3.1.1. Effect of the electroactive materials
Electroactive materials used in ion-selective membrane sensor
should have rapid exchange kinetics and adequate stability. In
addition, they should have appreciable solubility in the membrane
matrix and sufﬁcient lipophilicity to prevent leaching from the
membrane into the sample solution [36,37]. Electroactive material
incorporated in each electrode presented here was an ion-associa-
tion complex of the drug cation with phosphomolybdic acid H3-
PMo12O40, phosphotungstic acid H3PW12O40 and sodium
tetraphenylborate (Na-TPB) Na[C24H20B]. These species, with high
molecular weight anions: 1825, 2880 and 342 g/mol respectively,
have different lipophilicities and stabilities. They were used as
electroactive materials in coated electrode construction and were
candidates for the formation of highly lipophilic ion associates as
well as active recognition elements in the proposed electrode. A
few membranes with miscellaneous compositions were made
and tested. From the results given in Table 1, The electrode without
the electroactive material (sensor No. 1) showed poor sensitivity to
ketamine drug, whereas, in the presence of the electroactive mate-
rial, the electrode showed remarkable selectivity for KT(I). The
electrode # 5 made of 1.0% (w/w) electroactive material exhibits
the best performance. However, further addition of the modiﬁer,
(sensors no. 6 to 8), display somewhat smaller slopes and sensitiv-
ity, most probably due to some inhomogeneities and possible
saturation of the membrane [38].
3.1.2. Inﬂuence of the solvent mediators
The solvent mediator to be used in the membrane phase should
exhibit high lipophilicity, have high molecular weight and low ten-
dency for exudation from the membrane matrix. In addition,
the solvent mediator should have a high capacity to dissolve theC.R. (M) LOD (M) R.S.D.% R (s)
± 1.0 6.5  104–1.0  102 1.2  104 1.74 22
± 0.6 8.2  105–1.0  102 6.0  105 0.86 11
± 0.9 7.0  105–1.0  102 5.6  105 0.26 9
± 0.8 5.5  106–1.0  102 4.0  106 0.26 9
± 0.3 2.5  106–1.0  102 8.5  107 0.55 8
± 0.7 1.0  105–1.0  102 9.0  106 0.67 10
± 0.9 2.5  10–1.0  102 1.0  105 0.85 12
± 0.5 5.0  105–1.0  102 3.0  105 1.21 10
± 0.3 2.5  106–1.0  102 8.5  107 0.55 8
± 0.3 1.0  105–1.0  102 9.0  106 0.24 15
± 0.3 2.8  105–1.0  102 1.0  105 1.34 18
± 0.3 2.5  106–1.0  102 8.5  107 0.55 8
± 0.3 3.7  106–1.0  102 2.4  106 1.15 16
± 0.3 3.0  106–1.0  102 1.0  106 0.80 9
± 0.3 2.5  106–1.0  102 8.5  107 0.55 8
± 0.6 4.3  106–1.0  102 2.3  106 0.26 12
± 0.8 6.1  106–1.0  102 3.3  106 0.47 15
± 0.4 8.8  106–1.0  102 6.5  106 0.99 15
), C.R.: concentration range, LOD: limit of detection, R(s): response time(s), R.S.D:
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nature of the solvent mediator inﬂuences the dielectric constant
of the membrane phase and the mobility of the modiﬁer molecules,
it is expected to play a key role in determining the electrode char-
acteristics [39]. In this work four solvent mediators, viz DOP, DBP,
DOS and TEPh with different parameters [3] were used to explore
this effect. The KCSE with TEPh as a solvent mediator produced the
best response, as shown in Table 1 and Fig. 2. It is likely due to rel-
atively high molecular weight, low dielectric constant and high
lipophilicity that maybe avoid exudation and to considerably affect
dissolution of ion-associations within the membrane [40].
Among the different compositions studied, the electrode con-
taining ion-exchanger complex 1.0 wt% KT-TPB, 48.2 wt% PVC
and 50.8 wt% TEPh exhibited the best response characteristics
and the lowest detection limit. Therefore, this composition was
used to study various operation parameters of the electrode.
The electrochemical performance characteristics of this electrode
were systematically evaluated according to the International
Union of Pure and Applied Chemistry (IUPAC) recommendations
[41].3.2. Effect of electrode bed
To investigate the effect of the bed nature on the efﬁciency of
coated wire electrodes, the optimized coating mixture was used
for preparation of electrodes with different conductive beds,
namely silver, copper and platinum. After conditioning, each elec-
trode was examined in the concentration range from 1.0  107 to
1.0  102 M KTCl solution. The dynamic range of concentration
and the limit of detection of the electrodes were evaluated accord-
ing to the IUPAC recommendations [41]. Examining the results
compiled in Table 1, one can notice that all wires give inferior
response towards KTCl as compared to that of silver wire. Ag
wire-coated electrode has a slope 55.8 ± 0.3 mV/decade and a
detection limit of 8.5  107 M. This is attributed to low resistivity
(1.62 lOcm1) of silver [42]. Therefore, silver wire was used as the
inner solid contact for the electrodes in this study.Fig. 2. (A) Variation of electrode potentials with different plasticizers. (B) C3.3. Effect of diverse ions
The selectivity coefﬁcient is a summary of information concern-
ing interferences on the electrode response in analytical applica-
tions. The response for the analyte must be as high as possible as
compared to the response for foreign substances which must be
very small so that the electrode exhibits Nernstian dependence
on the primary ion over a wide concentration range.
The response of the electrode towards different substances and
ionic species such as inorganic and organic cations and different
excipients which may be present in pharmaceutical preparations
was checked and the values of selectivity coefﬁcients logKPotKT;JZþ ,
shown in Table 2. The resulting values give no signiﬁcant interfer-
ence in the process of the sensor due to the differences in their
mobilities and permeabilities as compared with KT+ [43].3.4. Effect of temperature
To study the thermal stability of the electrode, calibration
graphs were constructed at different test solution temperatures
of the test solution covering the range 20–55 C. The slope,
response time, concentration range and the detection limit were
obtained from the calibration plot corresponding to each tempera-
ture. The results indicate that no appreciable change in the calibra-
tion characteristics of the electrodes was observed in the
temperature range 20–55 C.3.5. The effect of pH on the response of the electrode
The inﬂuence of pH on the response of the KCSE was examined
for the 1.0  103 and 1.0  104 M KT solutions. The pH was
adjusted by adding small volumes of (0.1–1 M) HCl or NaOH to
the test solutions and the variation in potential was followed. It
can be seen from Fig. 3 that the variation in potential due to pH
change is considered acceptable in the pH range 2.6–6.4. However,
there is an observed drift at pH values lower than 2.6 which may be
due to H+ interference. On the other hand, the potential decreasesalibration curve for KT(I) selective electrode based on plasticizer TEPh.
Table 2
Selectivity coefﬁcient for the present electrode.
Interfering ions SSM MPM
Na+ 1.13  105 8.73  105
K+ 4.16  105 7.05  105
Ag+ 6.42  104 5.24  104
Li+ 1.81  105 3.15  104
Cd++ 5.62  104 3.58  104
Ca++ 9.64  105 1.97  105
Ni++ 2.86  104 4.32  104
Co++ 1.47  105 2.77  104
Cu++ 8.85  104 6.28  105
Pb++ 1.14  104 2.42  104
Zn++ 1.78  104 2.46  104
Cr+++ 6.61  105 4.23  105
Ampicillin 4.51  104 1.79  105
Rocephin 1.43  103 3.83  104
Gentamycine 2.65  104 1.47  105
Lasix 1.96  104 4.75  104
Hydrocortisone 8.02  104 6.38  105
Diclofene 5.17  104 2.30  104
Glucose – 7.15  104
Galactose – 5.48  105
Fructose – 1.42  104
Sucrose – 8.60  105
Fig. 4. Typical potential–time plot for response of proposed electrode.
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uted to the formation of the free drug base in the test solution.
3.6. Dynamic response time and reproducibility of the electrode
The dynamic response time is a signiﬁcant parameter for an
ion-selective electrode. The dynamic response time of the pre-
sented electrodes was measured according to IUPAC recommenda-
tion [41]. The response time may be deﬁned as the time between
addition of the analyte to the sample solution and the time when
a limiting potential has been reached [41]. In this work, the
response time of each electrode was measured by varying the KT
concentration over the range from 1.0  105 to 1.0  102. As
shown in Fig. 4, the electrode reach equilibrium in a very short
time (8 s). The sensor reproducibility was evaluated on the same
surface by three successive measurements and resulted in aFig. 3. Effect of pH of the test solutionrelative standard deviation of 1.4% and 2.8% for 1.0  103 and
1.0  104 M of ketamine, respectively.3.7. Analytical performance
The proposed electrode was successfully applied for determina-
tion of ketamine hydrochloride in ampoules and urine samples.
Measurements were made in triplicate, using the proposed sensor
by the standard addition and calibration curve methods. The
results, in Table 3, show an average recovery of 98.5% with relative
standard deviation (RSD) of 0.56% and indicate the utility of the
presented electrode.
In addition, the sensor was successfully applied as indicator
electrode in potentiometric titration of 5.0 mL of 1.0  103 M KTCl
with a 1.0  103 M Na-TPB of solution. The added titrant caused a
decrease in the potential as a result of a decrease in KT ion due to
formation of a ion-exchanger complex with Na-TPB. As is obvious
from Fig. 5 the amount of ketamine can be accurately determined
from the end point of the titration curve. Accurate and reproduc-
ible results were consistently obtained and comparable with the
values from the reported method [44] as shown in Table 3. F-teston the potential response of KCSE.
Table 3
Analysis of ketamine in ampoule and urine samples using KCSE.
Samples M X% R.S.D.% F-Value t-Value
Taken Found
Ampoule
C 1.00  105 9.82  106 98.20 0.24 2.99 2.31
5.00  105 5.05  105 101.00 0.51 1.98 2.87
2.00  104 1.93  104 96.50 0.14 1.00 1.08
S 1.00  105 9.78  106 97.80 0.21 2.85 2.55
5.00  105 4.92  105 98.40 0.84 2.04 2.44
5.00  104 4.85  104 97.00 1.50 1.35 1.84
Urine
C 1.00  105 1.01  105 101.00 0.46 3.65 2.63
5.25  105 5.19  105 98.85 0.77 1.33 2.05
2.00  104 1.96  104 98.00 0.34 1.99 1.74
S 1.00  105 9.76  106 97.60 0.38 2.98 1.55
8.55  105 8.47  105 99.10 1.21 2.57 1.72
5.00  104 4.92  104 98.40 0.21 2.21 2.37
C: calibration curve, S: standard addition method, R.S.D.: relative standard deviation, X: recovery.
The critical value of F = 6.39 and the critical value of t = 3.707.
Fig. 5. Potentiometric titration curve of 5.0 mL 1.0  103 M solution KTCl with
1.0  103 M solution Na-TPB using the present electrode.
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test for comparing the accuracy. The calculated values of F- and
t-test, compiled in Table 3, were less than the critical (tabulated)
ones. Thus, there is no signiﬁcant difference between the precision
or the accuracy of the two methods at 95% conﬁdence levels. In
summary, the obtained results indicated a reasonably fair agree-
ment of the present and ofﬁcial methods.4. Conclusions
The proposed ketamine coated silver electrode based on
(KT-TPB) as electroactive material might be a useful analytical tool
and interesting alternative for the determination of KT ions in
ampoules and urine samples. The sensor shows favorable perfor-
mance characteristics with short response times (8 s), low limit
of detection 8.5  107 M over the concentration range from
2.5  106 to 1.0  102 M.References
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